This work evaluates the in vitro inhibitory activity of 70 essential oils (EOs) in the vapor phase for the control of Chalkbrood disease caused by Ascosphaera apis Maassen ex Claussen (Olive et Spiltoir). Two wild strains isolated from infected honey bee colonies together with one standard collection strain were tested by the microatmosphere method. From 70 EOs, 39 exhibited an antifungal effect against A. apis standard and wild strains. The greatest antifungal action was observed for EO vapors from Armoracia rusticana, followed by Thymus vulgaris, Cymbopogon flexosus, Origanum vulgare and Allium sativum. An investigation of chemical composition by GC-MS revealed, that the most active EOs contained allyl isothiocyanate, citral, carvacrol and diallyl sulfides as the main constituents. The chemical composition plays a key role, as activities of different EOs from the same botanical species were different according to their composition.
The heterothallic fungus, Ascosphaera apis Maassen ex Claussen (Olive et Spiltoir), is responsible for chalkbrood disease in larvae of honey bee, Apis mellifera L. (Hymenoptera: Apidae). Chalkbrood is an invasive mycosis causing significant losses of bee numbers and colony productivity with large economic damage in many apicultural areas all over the world. It requires a predisposing condition in the susceptible brood for its development. Larvae in the fifth instar are most susceptible to the disease [1] . Spores or mycelial fragments of A. apis are ingested by larvae with contaminated food and germinate in the lumen of the gut, activated probably by CO 2 from the tissues [2] . Outgrown mycelium penetrates the larva's gut wall and then the whole body; subsequently fruiting bodies are usually formed on the outside of the dead larvae. For disease control, many chemotherapeutic agents were proposed, but either their effectiveness is not sufficient to fight the disease or they leave residues in bee products or otherwise disturb the hive environment [3] .
Currently, no drug that effectively inhibits the growth and spread of Chalkbrood in the hives is available. On the other hand, EOs and their constituents are known to possess significant antimicrobial activities [4] , and they are one of the most tested groups of natural compounds against different honey bee diseases and pests [5, 6] . Moreover, their volatility predisposes them for application in closed environments, such as beehives, and not only for curing, but also for disinfection of the whole area. Several products based on thymol or carvacrol, are already commercially available against the parasitic mite Varroa destructor (Api Life VAR). Generally, EOs are hydrophobic liquids containing volatile compounds and are known for chemical variability within species [7] , which cause problems in studying their biological and pharmacological properties, when the exact composition is not known. The aim of this study was therefore to determine the in vitro activity of a large number of essential oils in the vapor phase against wild and standard strains of A. apis, together with an assessment of their chemical composition.
In total, 70 EOs from 61 different species were investigated (Table 1) . When possible, different chemotypes of the same species were included (indicated by numbers in plain parenthesis). Determination of the MICs by the microatmosphere method showed that 39 EOs ( of the disc diffusion method and vapor diffusion method was made by Boudega et al. [10] . Both techniques confirmed T. vulgaris EO as a strong inhibitor of A. apis; a 3.5 µL dose per Petri dish in the vapor phase inhibited mycelial growth. Less effective was Citrus aurantium EO. Disc diffusion tests of eight EOs against A. apis were performed by Dellacasa et al. [11] , six of them -Tessaria absinthioides, Aloysia gratissima, Heterotheca latifolia, Lippia juneliana, L. integrifolia and L. turbinata exhibited varying levels of fungicidal activity at the dose of 5 µL per disc.
Some EOs assayed in the present study were previously identified as active against A. apis by the agar dilution method -namely Origanum vulgare, Thymus vulgaris, Coriandrum sativum, Laurus nobilis, and Ocimum basilicum [12] [13] [14] . Among single compounds, the activity of allicin from Allium sativum against fungal isolates of A. apis were determined using broth microdilution and disc diffusion methods [15] . Allicin liquid showed a MIC of 250 µg/L, and 250 μg of allicin per disk created zones of inhibition in the range from 31 to 35 mm. In our study, the EO of Allium sativum exhibited a growth-inhibitory effect with MIC values ranging from 63 to 125 µL/L. Nevertheless, only products of allicin degradation were found in our EO (Table 1) , as allicin itself is very unstable during distillation [16] . For the majority of the active constituents, in particular E-cinnamaldehyde, citral, geraniol, eugenol, borneol, thymol and carvacrol, mechanisms of antimicrobial action are either known or at least suggested [17] [18] , and some applications in the vapor phase have been already reported [19] [20] [21] [22] [23] . In addition, some of these components exhibit synergistic actions, e.g. carvacrol and p-cymene, carvacrol and thymol, E-cinnamaldehyde and eugenol [24] , and usually whole EOs or their mixtures are more effective than pure substances. The main drawback of EOs in-hive application could be their negative side effects, like repellency or toxicity for the bees and brood itself [25] [26] [27] . The LC 50 values of different EOs for honey bees are usually between 100-1000 μL/L of air, but it strongly depends on the delivery method and the duration of treatment [28] [29] [30] . Selectivity ratios determined between honey bee and its pathogens, most often the parasitic mite Varroa destructor [29, 30] , are usually lower than 10, which is quite low for safe administration. On the other hand, they are comparable with the selectivity of formic acid vapors, a commonly used miticide. From this point of view, EOs with the highest selectivity rather than lowest MIC could be promising candidates for practical applications.
In conclusion, from 70 EOs investigated in this study 39 exhibited an antifungal effect against A. apis both standard and wild strains. Before practical application in the apiary, EOs have to be tested for their toxicity and selectivity for adult bees and their larvae and pupae. Additionally, assessment of the behavioral response of honey bee colonies to the treatment, ways of application which should be independent of the conditions of the surrounding environment, and residues in honey, wax and other honey bee products should also be determined.
Experimental
Essential oils: The EOs used are summarized in Table 1 , together with their main chemical constituents. All EOs, with the exception of horseradish and garlic, were purchased from Essential Oil University (Charlestown, IN, USA). Horseradish roots and garlic bulbs were purchased from a local grower and their EOs were obtained by the Clevenger hydro-distillation method. The plant material (about 300 g), was cut into small pieces, and placed in a flask (4 L), together with distilled water (1.5 L). The mixture was boiled for 3 h. The collected EOs were dried with anhydrous sodium sulfate and kept at -18°C until used. Details of the chemical analyses are given elsewhere [31] .
Ascosphaera apis strains:
The tests were performed against 3 strains of A. apis; 2 wild strains isolated from infected honey bee colonies of Czech origin (237/92; M-2RM17) and one standard strain (DSM 3116) obtained from the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). The identification of wild strains was performed by microscopic examination. All strains were stored and tested on Sabouraud dextrose agar (SDA; Oxoid, CZ). Antifungal assay: Fresh cultures of fungal strains were grown on a solid SDA agar 5 days before the tests, and then inocula were created by excision of fresh growing culture with agar by a 6 mm diameter sterile cork borer. Excised discs were then transferred onto the agar surface in the middle of each quarter of the 90 mm Petri dish (PD) to be tested. One quarter was left uninoculated and served as a contamination control (Fig. 1) . Seven different doses of EOs were diluted in ethyl acetate in a two-fold dilution manner to give a final volume of 250 µL. This solution was evenly distributed on a 85 mm round sterile filter paper by micropipette, and the paper was left to dry for one minute to evaporate the ethyl acetate. Finally, the filter paper was laid in the PD on walls dividing the compartments, so that the distance between paper and agar surface was approximately 2 mm; the PD was then hermetically closed with its lid containing solidified agar. Final concentrations of EO vapors in PDs were calculated as the dose of EO per free space in the Petri dish and were in the range from 7.8 to 500 µL/L. The PDs were incubated at 25°C for 72 h. All tests were carried out in triplicate. After incubation, the diameter of each A. apis colony was measured, and MIC was determined as the lowest concentration that resulted in ≥80% reduction of diameter of radial growth compared with the growth control in at least 2 replicates. Blank filter papers with and without ethyl acetate served as a negative control.
